Abstract-Micromegas is one of the detector technologies (along with small-gap Thin Gap Chambers) that has been chosen for the upgrade of the forward muon detectors of the ATLAS experiment, due to its precision tracking and trigger capability, covering an area of more than 1200 m 2 . The design layout, the current status of the project and the necessary steps towards a complete operational system, ready to be installed in ATLAS in 2018, are reported. Performance studies of several micromegas prototypes are also presented, including spatial resolution for normal and inclined tracks, efficiency as well as studies of micromegas chambers inside a magnetic field. Finally, we report on the operation of prototype micromegas detectors installed in the ATLAS detector during LHC running at √ s = 8 TeV.
I. Introduction
T HE ATLAS experiment was designed for a wide physics scope, including the discovery of the Higgs boson, searches for SUSY particles as well as searches for other new heavy particles accessible at the Large Hadron Collider (LHC). Once such particles are discovered, their properties will have to be studied in detail. These studies require large statistical samples. For this reason, upgrades are needed of both the LHC (to increase the luminosity) and the ATLAS experiment (to be able to cope with higher collision rates and radiation background). The eventually larger integrated luminosity will allow access to rare processes and to higher center-of-mass energies of colliding partons, extending the reach of the searches for new heavy particles. In order to benefit from the high luminosity provided from the Phase-I upgraded LHC the first station of the ATLAS muon end-cap system (Small Wheel, SW) will be replaced with a New Small Wheel (NSW). The NSW will have to operate in a high background radiation region (up to 15 KHz/cm 2 ) while delivering the reconstruction of muon tracks with high precision as well as furnishing information for the Level-1 trigger. In particular, the precise track reconstruction for off-line analysis requires a spatial resolution of the order of 100 µm and for the Level-1 trigger, track segments have to be reconstructed on-line with an angular resolution of approximately 1 mrad.
The NSW will have two chamber technologies, one primarily devoted to the Level-1 trigger function and one dedicated to the precision tracking function, although each technology can also complement the other function making for a redundant system. The layout consists of 16 muon detector planes in two multilayers. Each multilayer comprises four small-gap Thin Gap Chambers (sTGC) and four micromegas detector planes.
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The two multilayers are mounted back-to-back so that the distance between the sTGSs of the two multilayers is maximized. With their single Beam Crossing (BC) identification capability, the chosen detector configuration is optimal for the on-line track resolution. The micromegas detectors have exceptional tracking capabilities due to their small gap (5 mm) and fine strip pitch (∼ 0.5 mm). They can at the same time confirm the existence of track segments found by the muon end-cap middle station (Big Wheels) on-line. Because the sTGC has also the ability to measure off-line muon tracks with good precision, the sTGC-MM chamber technology combination forms a fully redundant detector for triggering and tracking both for on-line and off-line functions.
II. Micromegas Detector
The micromegas technology has been invented [1] in the middle of the nineties. It permits the construction of thin wireless gaseous particle detectors. Micromegas detectors consist of a planar (drift) electrode, a gas gap of a few microns thickness acting as conversion and drift region, and a thin metallic mesh at typically 100 − 150 µm distance from the readout electrode, creating the amplification region. A sketch of the micromegas operating principle is shown in Fig. 1 . In the original design the drift electrode and the amplification mesh are at negative high voltage (HV) potentials and the readout electrode is at ground potential. The HV potentials are chosen such that the electric field in the drift region is a few hundred V/cm and 40 − 50 kV/cm in the amplification region. Charged particles traversing the drift space ionize the gas. The electrons liberated by the ionization process drift towards the mesh. The mesh is transparent to more than 95% of the electrons as long as the electric field in the amplification region is 50 − 100 times stronger than the drift field. The electron avalanche takes place in the thin amplification region, immediately above the readout electrode. While the drift of the electrons in the conversion gap is a relatively slow process the amplification process happens in fraction of a nanosecond, resulting in a fast pulse of electrons on the readout strip. Contrary to the electrons, the ions that are produced in the avalanche process are moving back to the amplification mesh. Most of the ions are produced in the last avalanche step and therefore close to the readout strip. Given the relatively low drift velocity of the ions, it takes them about 100 ns to reach the mesh, still very fast compared to other detectors. It is the fast evacuation of the positive ions which makes the micromegas particularly suited to operate at very high particle fluxes. For the micromegas detectors to be installed on the NSW a spark protection system has been developed [2] . By adding a layer of resistive strips on top of a thin insulator directly above the readout electrode (see Fig. 2 ) the micromegas become spark insensitive. The readout electrode is no longer directly exposed to the charge created in the amplification region. Instead the signals are capacitively coupled to it. Furthermore an alternative HV configuration (in contrast to the original HV scheme as described in the beginning of the section) can be formed by keeping the mesh at ground and the resistive strips connected to positive potential. The later configuration gives a number of advantages. It simplifies the detector construction and allows for an easy implementation of a segmentation of the HV, if wanted. At the same time, it decouples drift and amplification voltage and allows for a lower voltage on the drift electrode for the same drift field. Most important, it led to a more stable detector operation allowing us to operate the detectors at higher gas gain due to the fact that a better electrostatic configuration between mesh and resistive strips ia achieved as described in details in Ref. [3] . Resistive strips layout rather than a continuous resistive layer was chosen mainly to avoid charge spreading across several readout strips while keeping the area affected by a discharge as small as possible and thus maintaining a high rate capability of the detector. The largest active area micromegas that have been constructed and operated successfully so far using resistive-strip layer is 0.92 × 2.12 m 2 . The effectiveness of the resistive-strip protection scheme is illustrated in Fig. 3 . It shows the monitored HV and the currents for a standard micromegas and one with the resistivestrip protection under neutron irradiation [4] , [5] for different mesh HV settings. It is evident that the current drawn by the resistive micromegas is at the level of 100 nA for gas gain of ∼ 4 × 10 4 , order of magnitude smaller than the none-resistive one (> 1 µA).
A. New Small Wheel Layout
The integration of the micromegas detectors and their overall layout is arranged in large and small sectors. The dimensions of the sectors are chosen such that approximately the same azimuthal overlap of the active areas is achieved. Each sector comprises eight micromegas detection layers, grouped into two multiplets of four layers each, separated by some distance. Each multiplet contains four active layers, grouped into two pairs. Fig. 4 shows the NSW [6] layout divided into small and large sectors. In total 512 micromegas up to a surface of 3.1 m 2 should be build covering an area of 1200 m 2 in total. The detectors will be operated at a gain of 10 4 . The strip pitch of ∼ 450 µm results in a system of a total of 2.1 M channels. Resistive strips coating of 20 MΩ/cm with interconnections can be used but further studies to define the final resistivity are ongoing. Strips on the four out of eight layers will be under an angle of ±1.5
• providing second coordinate measurement while they contribute to the precision coordinate measurement with the other four at the same time.
The plan of completion of the NSW is described as follows: With the completion of the Technical Design Report (September 2013), we will be facing the preparation of the Module-0 (functional prototype of micromegas detector) design and construction which will have to be commissioned and assessed/analyzed during the year of 2014. At this point we will have a clear picture of the final chamber layout, structure, materials, etc. At the same time, we plan to demonstrate the stereo reconstruction to recover the phi coordinate in addition to the eta precision coordinate as well as the detector performance under radiation and long term aging tests. In order to serve this purpose test beam runs have been planned at CERN, Frascati and Saclay laboratories. In addition to all these tasks, the new VMM front-end chip [7] will be delivered and tested to assess the design features and modifications implemented, following the recommendations of the R&D program from its past experience during the test beam runs at SPS/CERN and laboratory tests. Already the past experience of the prototype VMM was very promising and an initial trigger demonstrator has been qualified. Starting the middle 2015 until 2016, the chambers and the electronics will be built at the various construction sites that have been involved in the design process during the past years. At the same time, the detector integration and commissioning of the chambers will take place spanning to the end of 2016. The mechanical support structure will be also ready for the NSW assembling and commissioning on the surface during 2017. In parallel the various systems like services, DAQ (Data Acquisition), DCS (Detector Control System), alignment, calibration, software will be planned and commissioned. 
III. Performance Studies
Several tests have been performed by the MAMMA (Muon ATLAS MicroMegas Activity) R&D collaboration in order to study and analyze the performance of the micromegas detectors under various conditions. The performance of the micromegas detectors has been extensively studied during several test beam campaigns with high energy particle beams at CERN and at DESY. Furthermore, test beam runs in neutron beam have also been performed at the national laboratory "Demokritos" in Athens and at Garching, Munich.
Results presented in the following sections are mostly based on tests performed at the H6 beam line at the Super Proton Synchrotron (SPS) at CERN. The H6 line provides a 120 GeV pion beam with an intensity ranging in 5−30 kHz over an area of approximately 2 cm 2 . The test in magnetic field was carried out in June 2012 at the H2 SPS beam line which has similar beam characteristics. Front-end readout electronics were based on the 128 channels APV25 ASIC [8] in which detector signals are zerosuppressed, shaped with a CR-RC circuit and sampled at 25 ns frequency. The total acquisition time window was of 675 ns, corresponding to 27 samples.
A. The µTPC Scheme
The NSW will be located in the ATLAS experiment where tracks between 10
• -30
• are expected. Studying the performance with inclined tracks is of particular interest. Micromegas detectors of an active surface of 10×10 cm 2 have been tested during test beam campaigns at CERN with high momentum hadron beams. Those detectors feature a strip • with respect to the incident beam particles. pitch of 400 µm and were operated at a gas gain of 10 4 . Measuring the arrival time of the ionized electrons with a time resolution of a few nanoseconds allows reconstructing the position of the ionization process and thus reconstruction of the particle track in the drift gap of the detector. With the Ar:CO 2 (93:7) mixture and an electrical drift field of 600 V/cm the drift velocity is 4.7 cm/µs, corresponding to a maximum drift time of about 100 ns for a 5 mm drift gap. When a charged particle traversing the drift gap, its trace can be reconstructed using the charge weighted average of the fired strips (centroid method) or using the individual space and time strip information (µTPC method). Fig. 5 shows an example for a reconstructed track traversing the detector under 30
• . Fig. 6 shows the spatial resolution as a function of the incident track angle using the µTPC (red) and the charge centroid (black) mode. An analysis technique (blue) that combines the reconstructed µTPC and charge centroid points, improves the spatial resolution especially for particle tracks of around 10
• , while results in a homogeneous spatial resolution under 100 µm along different track angles.
B. Micromegas in Magnetic Field
The NSW will operate under a multi-directional and non constant magnetic field up to 0.5 T. For this purpose micromegas detectors were installed inside a superconducting magnet at CERN (Fig. 7) and tested under the influence of a magnetic field up to 2 T.
The setup of the micromegas detectors consists of four small size (10×10 cm 2 ) prototypes. Four more reference micromegas detectors were also installed inside the magnet to provide a reference track for spatial resolution studies. The setup was exposed to a 150 GeV/c π − beam. The test chambers were resistive type micromegas detectors with strip resistivity 20 MΩ/cm (for 300 µm wide resistive strips with 400 µm pitch). A larger drift gap, 10 mm, was chosen for two of the chambers in order to magnify the effect of the magnetic field and compare with the other two standard 5 mm drift gap chambers. An amplification gap of 128 µm was used in all the chambers. The 300 µm wide readout strips, with a pitch of 400 µm, were placed parallelly below the resistive strips. The woven stainless steel mesh structure had a wire diameter of 18 µm and was segmented in 400 lines/inch corresponding to mesh pitch of ≈ 54 µm. The drift electrode had also a mesh structure with a density of 350 lines/inch.
No degradation in the performance of the micromegas detectors was observed while we were able to measure the Lorentz angle and the drift velocity along the various magnetic field intensities. Figs. 8 and 9 show the measured Lorentz angle and drift velocity as a function of the magnetic field in comparison with simulation. The simulation of the micromegas detectors is based on the Garfield program [9] . 
C. Ageing
Extensive ageing tests of a 10 × 10 cm 2 resistive-strip micromegas detector were performed at CEA Saclay in 2011 [10] and 2012 with 8 keV X-rays, thermal neutrons, ∼1 MeV gamma rays and alpha particles. Eash of these exposures collected dose, shown in table I, rates equivalent to the ones expected in the most exposed region of the NSW in about 10 years of LHC operation at a luminosity of L = No signs of performance deterioration of the exposed detector were observed. This can be proved by studied the efficiency measurement as a function of the absolute gain for both irradiated (R17a) and non-irradiated (R17b) detectors is shown in Fig. 10 .
D. Micromegas in ATLAS Experiment
In order to test the micromegas detectors under realistic LHC conditions five small micromegas chambers were installed in the ATLAS detector in February 2012 [11] . A twogap detector (named MBT) with an active area of 9 × 4.5 cm 2 was installed in the high-rate environment in front of the electromagnetic end-cap calorimeter, 3.5 m from the interaction point in the z direction, at a radius r ∼ 1 m. The other four detectors were installed on the Small Wheel (SW) at 1.8 m distance from the beam pipe.
The MBT chamber has a double drift gap of 4.5 mm, an amplification gap of 0.128 mm and two-dimensional readout with 500 µm pitch (400 µm width) of the x strips (in η-direction) and 1.3 mm pitch (200 µm width) of the v strips which are inclined with respect to the x strips by 30
• . The common drift plane is a thin FR4 sheet with Cu coating on both sides. The MBT chamber is a resistive-strip type micromegas with a resistivity of about 300 MΩ/cm and a resistance of 100 MΩ. The resistive strips are 100 µm wide and 4.5 cm long and have a pitch of 250 µm. They are oriented along the x strips. The detector is operated with the drift high voltage (HV) at −300 V (0.67 kV/cm electric drift field) and an amplification HV applied to the resistive strips of +500 V (39 kV/cm electric amplification field) while the mesh was connected to ground. The hit rate measured in the MBT chamber is about 70 kHz/cm 2 for a luminosity of 5 × 10 33 cm −2 s −1 , with 90% of the hits being correlated in Fig. 11 : The top plot shows the MBT current (red points) and the ATLAS luminosity (black line). The lower plot gives the MBT current versus the ATLAS luminosity. The blue line is a linear fit to the data.
both gaps. The hit rate in the chambers on the Small Wheel is more than two orders of magnitude lower, with most of the hits being uncorrelated. All chambers were operated with an Ar:CO 2 (93:7) gas mixture and read out, stand-alone, by APV25 hybrid cards through the Scalable Readout System [12] . They were operational from March 2012 to February 2013, except for a few weeks with low luminosity running. The high voltage was kept on the same value independent of the LHC beam conditions (early beam, single bunches, large emittance beam, 25 ns LHC beams, etc). The detector currents were monitored through the CAEN SY1527 HV system using the A1821 HV module with a monitor current resolution of 2 nA. Fig. 11 shows the MBT current together with the ATLAS luminosity for one day of data taking. A strong correlation is evident between the current drawn of the micromegas MBT and the ATLAS luminosity. Fig. 12 shows the correlation between the MBT current and the ATLAS luminosity for the whole dataset. This leads to the conclusion that we could use the micromegas detectors to monitor the LHC luminosity in the ATLAS cavern. Performing a linear fit, we extract an intercept of −6 nA and a slope of 0.56 µA/10 34 cm −2 s −1 .
IV. Conclusion The micromegas detector technology has been already matured by the extensive R&D program developed and performed by the MAMMA ATLAS collaboration for the past five years. Based on the superb performance results of the micromegas detectors, the project has been qualified to be installed in the ATLAS experiment in the upcoming upgrade of the SLHC during phase I. The micromegas detectors and the corresponding electronics will cover an area of 1200 m 2 and will be constructed and assembled in the period of 2015-2016 while the installation and commission of the full system will follow on 2017-2018 under a multinational operation. tions during the past five years.
